Introduction
Pompe disease (glycogen storage disease type II, OMIM # 232300) is an autosomal recessive glycogen storage disorder caused by deficiency of lysosomal hydrolyzing enzyme acid α-glucosidase (GAA) [7] . Deficiency of GAA leads to progressive accumulation of lysosomal glycogen in multiple tissues, particularly skeletal, cardiac, and smooth muscles [13] . Infantile Pompe disease (IPD) is a spectrum ranging from "classic" to "non-classic". All patients with IPD present with cardiomyopathy in the first year of life. Classic IPD, the most severe end of the disease spectrum, presents in first few days to week of life with severe cardiomyopathy and without treatment, patient rarely survive beyond two year of age. Whereas, patients with "non-classic" IPD present in the first year of life with less severe cardiomyopathy, no left ventricular outflow tract obstruction and can survive beyond two years of age without treatment [7, 13, 22, 25] .
In 2006, the FDA approved enzyme replacement therapy (ERT) with recombinant human acid α-glucosidase (rhGAA, alglucosidase alfa). Advent of ERT with alglucosidase alfa has improved clinical outcomes and prolonged overall and ventilator-free survival in patients with IPD [9, 10, 16] . Despite improved cohort outcomes, individual response to ERT is heterogeneous and influenced by many factors such as age at treatment initiation, cross-reactive immunological material (CRIM) status, high and sustained antibody titers (HSAT), sustained intermediate titers (SIT), extent of preexisting pathology, muscle fiber type involvement, ACE genotype, and ACTN genotype [3, 5, 17, 21] . Previous studies have demonstrated that CRIM status is an important predictor of clinical response to ERT [3, 12] . CRIM-negative IPD patients with deleterious null GAA variants have poor clinical outcomes due to development of HSAT [12] . The majority of CRIM-negative patients on ERT develop anti-rhGAA IgG antibodies and are ventilatordependent or deceased by age 27.1 months [3, 4, 12] . CRIM-positive patients with some endogenous GAA typically maintain none to low anti-rhGAA IgG antibody titers and, as a cohort, have better response to ERT. Kishnani et al. reported that by week 52 on ERT, 4.8% of CRIMpositive IPD patients were deceased or invasively ventilated compared to 54.5% of CRIM-negative IPD patients [12] . However, it is recognized that a subset of CRIM-positive IPD patients develop anti-rhGAA IgG antibodies similar to CRIM-negative patients with equally poor clinical outcomes. Banugaria et al. showed that a subset (~40%) of CRIM-positive IPD patients developed an immune response similar to CRIMnegative patients and had poor clinical outcomes; measured as overall survival, ventilator-free survival, left ventricular mass index (LVMI), Alberta Infant Motor Scale (AIMS), and urinary glucose tetrasaccharide (Glc 4 ) [3] . In this study, we aimed to systematically assess and characterize anti-rhGAA IgG antibody response in all CRIM-positive IPD patients from all previous rhGAA clinical trials, who had received ERT without immune modulation.
Methods
A retrospective analysis of all CRIM-positive IPD patients from alglucosidase alfa clinical trials (GAA-CL-001, GAA-CL-002, AGLU-008-01, AGLU-001-00, AGLU-009-02, AGLU01702, AGLU02203, AGLU01602/AGLU02403) was performed [1, 9, 10, 14, 16] . The datasets included in the final reports at the end of clinical trials were reviewed for data extraction and data analysis. Patients were selected based on the following criteria; 1) a confirmed diagnosis of Pompe disease as described previously [13, 25] , 2) CRIM-positive status determined as described previously [2] , 3) received ERT with alglucosidase alfa at a cumulative dose of 20 mg/kg or 40 mg/kg every other week (EOW) without immune modulation, and 4) availability of at least 6 months of anti-rhGAA IgG antibody titers since initiation of ERT.
Data analyzed included age at ERT initiation, pathogenic GAA variant data, ERT dose and frequency, left ventricular mass index (LVMI), and longitudinal anti-rhGAA IgG antibody titers of all qualifying CRIM-positive IPD patients. Patients were classified into three groups based on anti-rhGAA IgG antibody titers; 1) high and sustained antibody titer (HSAT), defined as titers of ≥51,200 on two or more occasions at or beyond 6 months on ERT [3] , 2) sustained intermediate titer (SIT), defined as titers of ≥12,800 and < 51,200 within 12 months on ERT (Lumizyme Package Insert) [15] , and 3) low titer (LT), defined as titers of < 12,800 within 12 months on ERT. Age at ERT initiation, pathogenic GAA variants, time to seroconversion, peak anti-rhGAA IgG titers, and last available anti-rhGAA IgG titers were compared among HSAT, SIT, and LT groups. The anti-rhGAA IgG antibody titer data were analyzed to find the first time point when a patient developed titer of ≥12,800. Left ventricular mass index (LVMI) was analyzed to investigate effects of antibody titers of ≥12,800 on efficacy of ERT. LVMI of patients in HSAT and SIT groups were combined for comparison with patients in LT group. Median LVMI at week 0, 26, 52, and 78 were compared between HSAT+SIT group versus LT group (Fig. 2) .
CRIM-status was determined by western blot analysis and correlated with GAA genotypes for patients in this cohort. Anti-rhGAA IgG antibody testing was performed by Sanofi Genzyme (Framingham, MA) using enzyme-linked immunosorbent assays and confirmed using radio immunoprecipitation at baseline, week 4, week 8, week 12, week 16, week 20, week 24, week 38, week 52, and week 64 since ERT initiation.
Age at ERT initiation and LVMI were compared using Wilcoxon/ Kruskal-Wallis rank-sum test. Frequency of GAA variants were compared using Fisher's exact test. Analyses were performed with STATA version (StataCorp. LP). Descriptive data are presented as medians.
Results

Patient demographics
Within the entire IPD cohort (n = 83) from the various alglucosidase alfa clinical trials, 48 were identified as CRIM-positive, 14 were CRIM-negative, and for 21 patients CRIM status unknown. Of the 48 CRIM-positive IPD patients, 37 patients met inclusion criteria. Patient demographics and pathogenic GAA variant data are presented in Table 1 . Five (13%), seven (19%), and 25 (68%) developed HSAT, SIT, and LT, respectively. Median age at ERT initiation was 7.0 months (range, 5.0-8.4 months), 4.6 months (range, 1.9-9.3 months), and 6.9 months (range, 0.5-43.1 months) in HSAT, SIT and LT groups, respectively. There was no significant difference (p = 2700) in age at ERT initiation between the three groups. Of these 37 CRIM-positive IPD patients, 84% (31/37) and 16% (6/37) patients receive ERT at cumulative dose of 20 mg/kg every other week (EOW) and 40 mg/kg EOW, respectively. In 20 mg/kg EOW group (n = 31), 71% (22/31) patients maintained LT and 29% (9/31) developed HSAT/SIT. In 40 mg/kg EOW group (n = 6), 50% (3/6) patients maintained LT and 50% (3/6) developed HSAT/SIT. We did not observe any correlation between ERT dosing and development of anti-rhGAA IgG antibodies.
GAA genotype in HSAT, SIT and LT groups
GAA genotype data was available on 34 patients. A total of sixtyeight pathogenic variants were identified with 44 unique GAA variants ( Table 1 ). The frequency of in-frame deletion variants was significantly higher in HSAT group (30%) as compared to LT group (2%) (p = 0012) (Fig. 1) . A large deletion (patient HSAT2), frameshift variants (patient SIT6) and in-frame deletion (patient HSAT4) variants in homozygosity, and/or in combination with another variant (patient HSAT3) as compound heterozygotes were exclusively seen in HSAT and SIT groups (Table 1, Fig. 1 ). Missense variants in homozygosity were noted in 12 LT patients, one HSAT and three SIT patients, with no statistically Fig. 1 ). ). There was no statistically significant difference in median LVMI between these two groups at baseline (p = 4218), week 26 (p = 7831), and week 52 (p = 3960) but there was a statistically significant difference at week 78 (p = 0041), with LVMI significantly greater in the HSAT + SIT group compared to the LT group (Fig. 2) .
Left ventricular mass index in HSAT+SIT versus LT groups
Immune response in HSAT, SIT, and LT groups
Individual peak anti-rhGAA IgG antibody titer, last available antirhGAA IgG antibody titer, and time to seroconversion are presented in Table 2 . Antibody data points varied from patient to patient with median number of data points available per patient being 15 (range, 6-44). Two patients (patients LT24 and LT25) in the LT group did not seroconvert. All patients (n = 5) in HSAT group seroconverted by 4 weeks after initiation of ERT. Median time to seroconversion was 4 weeks (range, 4-8 weeks; n = 7) and 8 weeks (range, 4-64 weeks; n = 23) since initiation of ERT for SIT and LT groups, respectively. In HSAT group (n = 5), median peak titer was 204,800 (range, 51,200-409,600) at median time since ERT initiation of 82 weeks (range, 24-130 weeks) and median last available titer was 102,400 (range, 51,200-409,600) at median time since ERT initiation of 94 weeks (range, 64-155 weeks). In SIT group (n = 7), median peak titer was 25,600 (range, 12,800-51,200) at median time since ERT initiation of 12 weeks (range, 8-24 weeks) and median last available titer was 1600 (range, 200-25,600) at median time since ERT initiation of 104 weeks (range, 86-144 weeks). In LT group (n = 23), median peak titer was 800 (range, 200-12,800) at median time since ERT initiation of 38 weeks (range, 8-172 weeks) and median last available titer was 400 (range, 0-12,800) at median time since ERT initiation of 130 weeks (range, 38-182 weeks). 
Time since ERT initiation for development of deleterious immune response
Out of 37 patients, 12 patients developed titers > 12,800 so time on ERT at antibody is provided for these 12 patients (Table 2) ; whereas, 25 patients did not develop titers > 12,800 so time on ERT for antibody titer > 12,800 was not applicable for these 25 patients. Twelve patients (32%) in HSAT and SIT groups developed titers of ≥12,800 at median time since ERT initiation of 10 weeks (range, 4-24 weeks) as shown in Table 2 below. In HSAT group, median time since ERT for patients to develop titer of ≥12,800 for the first time was 8 weeks (range, 4-12 weeks) compared to 12 weeks (range, 4-24 weeks) in SIT group. Patients who developed HSAT or SIT showed upward trend in antirhGAA antibody titers within 24 weeks on ERT.
Discussion
Enzyme replacement therapy (ERT) with alglucosidase alfa has led to prolonged survival and improved clinical outcomes in patients with IPD. Subsequent studies in patients with IPD have identified various factors that negatively impact clinical response to ERT, including CRIMnegative status and the development of HSAT [3, 12] . Despite overall better prognosis of CRIM-positive patients as compared to CRIM-negative status patients, a subset of CRIM-positive IPD patients develop HSAT resulting in a poor clinical response to treatment [3, 17] . As stated in the Lumizyme® package insert, development of anti-rhGAA IgG antibody titers of ≥12,800 can lead to a 50% increase in clearance of ERT from week 1 to week 12 (Lumizyme Package Insert). This systematic evaluation of a large cohort of CRIM-positive IPD patients is the first ever study, to our knowledge, to assess the extent of immunogenicity in patients with CRIM-positive IPD. In our cohort of 37 CRIM-positive IPD patients, 32% developed HSAT or SIT, which was significantly associated with poor clinical outcome as measured by LVMI.
Previous studies in Pompe mice demonstrated that a large fraction of infused rhGAA is diverted to liver instead of target tissues-cardiac and skeletal muscles [19, 20] . In addition, uptake of alglucosidase alfa is substantially higher in cardiac muscle compared to skeletal muscle and uptake of alglucosidase alfa in skeletal muscle also varies within different muscle types [19, 20] . Pompe mice model also showed that limited uptake of ERT was sufficient to clear the glycogen in the heart and diaphragm, however, same level of enzyme activity was ineffective in clearing glycogen from skeletal muscle completely. This very low uptake of alglucosidase alfa can be attributed to low levels of cation-independent mannose 6-phosphate receptor (CI-MPR) in skeletal muscles as compared to cardiac and other fast twitch muscles. Studies in Pompe mice showed that only a small fraction of infused ERT reaches the skeletal muscle and any further reduction will likely impact the clinical outcome. As previously reported development of antibodies can affect the clearance of ERT and further reduce the fraction of alglucosidase alfa that reaches the target tissue. Patients with IPD who develop HSAT/SIT have a poorer clinical response to ERT as antibody titers increase. Minimizing immunogenicity to ERT is important to avoid any further reduction of already low uptake of alglucosidase alfa in skeletal muscle.
We reviewed the GAA variants and variant combinations reported in patients who developed HSAT, SIT and LT and found that development of anti-rhGAA IgG antibodies cannot be predicted based on GAA variants alone. However, statistically significant trends in frequency of specific GAA variants and GAA variant combinations were identified. Although in-frame deletions and frameshift deletion variants were present in all three groups, the combination of variants differed between the three groups. Homozygous or compound heterozygous frameshift deletion variants, in-frame deletions and large deletion were exclusively seen in HSAT and SIT groups. In contrast, in the LT group, frameshift deletion and in-frame deletions were only seen in heterozygosity in combination with missense variants. Frameshift deletions, in-frame deletions, and large deletions significantly change the amino acid sequence of endogenous GAA which may lead to variations and changes in the immune response to ERT in these patients, that is, immune system failing to recognize alglucosidase alfa as a self-protein. This may be the driving force behind the development of high antibody titers observed in these patients. Although many missense mutations were common to the three groups (HSAT, SIT, LT) but location of the variant within the protein may play a crucial role in eliciting an immune response in CRIM-positive IPD patients, as has been reported before [23, 24] .
With inclusion of Pompe disease in recommended universal screening panel (RUSP) for newborn screening and the knowledge that early ERT (within first month of life) does not prevent development of HSAT [11, 18] , it is of paramount importance to identify patients who are at risk for developing significantly high antibody titers prior to the onset of treatment, as prophylactic immune modulation strategies are already in place. This further emphasizes the need of a method to predict which CRIM-positive IPD patients will mount a significant immune response to ERT. The use of tools based on omics, human leukocyte antigen (HLA) type, and T-cell epitopes may help identify CRIMpositive patients at higher risk of developing anti-rhGAA IgG antibodies against ERT [6] . Major histocompatibility complex (MHC) class II molecules, known as HLA in humans, are found on antigen-presenting cells. HLA plays an important role in cellular immune response by presenting specific foreign peptide to helper T-cells. Epitope-specific Tcells, in turn, help to regulate antibody class switching and affinity maturation in B cells. One novel method, individualized T-cell epitope measure (iTEM), utilizes GAA genotype and HLA haplotype to identify the patients with Pompe disease at risk of developing significant antibody titers to alglucosidase alfa [6] . This algorithm identifies T-cell epitopes within alglucosidase alfa sequence that are absent in patient's endogenous GAA to calculate a score to identify high-risk patients. This unique approach can enable clinician in identification of patients with IPD who are at high-risk of developing anti-rhGAA IgG antibodies at the outset and implementation of immunomodulation at ERT initiation.
Immune tolerance induction (ITI) protocols have shown to be effective in the ERT-naïve setting and also in patients who develop HSAT; however, the latter has been challenging, requiring a more extensive protocol administered over a prolonged duration. It has become increasingly clear that CRIM-negative patients, while an important subgroup, represent only a fraction of Pompe patients at risk for an immune response to ERT. This study adds to the knowledge of the extent of immunogenicity in CRIM-positive patients with IPD. To our knowledge this is the largest cohort of CRIM-positive IPD patients systematically studied to characterize the immune response. Further studies on a larger cohort of CRIM-positive IPD patients are needed to better our understanding of immune responses and association with GAA variants, if any. With immune modulation strategies tailored for CRIM-positive patients [8] and prediction tools to identify the high-risk patients on the horizon [6] , this cohort of CRIM-positive IPD patients on ERT monotherapy can serve as a nice comparative group to measure the efficacy of ITI approaches.
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